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D u r i n g  the past grant period progress was made in three areas 
of investigation: 1) the nature of the dispersion in crosslinked 
in the rubbery region of behavior, 2) the character of the response 
of linear amorphous polymers, and 3) the viscoelastic response of a 
nonpolar small molecule compound in the neighborhood of its glass 
temperature. 
1) It has become quite clear from our measurements along 
with those of Thirion, Ferry, and Kraus that the amount of dispersion 
in a crosslinked rubber at long times is principally related to the 
rearrangements which are possible within the entanglement network. The 
greater the concentration of chemical cross links the more the entangle- 
ment network is restricted. The molecular weights between entanglement 
points, Me, and between primary chemical crosslinks, Mc, appear to be 
the pertinent characterizing parameters. 
reflected in the Andrade creep intercept at zero time, JA. 
values of M 
carry out creep measurements on high molecular weight uncrosslinked 
samples of these materials. 
It is our opinion that Me is 
To obtain 
'b 
for Hevea and polybutadiene rubbers it was necessary to e 
The response of both high cis content 
polybutadiene and synthetic isoprene samples are well represented by 
the Andrade creep equation, J(t) = JA + f3t1l3 + t/v e The values of 
Me obtained were 2600 and 6400 respectively. 
of the crosslinked cis isoprene samples with the uncrosslinked material 
Comparison of the behavior 
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appears t o  show a systematic pa t te rn  of deviation between the two as a 
function of M,. 
crosslinked mater ia ls  converge to  t h a t  of the uncrosslinked, 
hoped t h a t  the manner i n  which the compliance curves separate can be 
used t o  help deduce b e t t e r  values f o r  Mce 
pa t ib l e  with the hypothesis t ha t  
such as swelling a re  i n  e r ro r  by a fac tor  of 2 or  3. 
measurements on the polybutadiene system did not y ie ld  the same pat te rn  
of r e l a t i v e  behavior, but the r e su l t s  became understandable when it was  
determined t h a t  the c i s - t rans  r a t i o  of the samples varied. 
fore  e s sen t i a l  t ha t  t he  Andrade creep parameters be determined as  a 
function of the c i s - t rans  r a t i o .  
a l so  be investigated.  
A t  short  times the  compliance curves of a l l  the 
It i s  
The creep behavior is  com- 
obtained by conventional methods 
The more l imited 
It is  there-  
The influence of molecular weight w i l l  
2) A t  present w e  are concentrating on two fea tures  exhibited by 
the  behavior of polyvinylacetate, PVAc. The data  obtained earlier have 
been augmented by more extensive and accurate measurements i n  the 
l e v i t a t i o n  tors iona l  creep apparatus. It has been deduced tha t  the  
lack of simple time-temperature superposition of the creep compliance 
curves, mentioned i n  our last  report ,  r e f l e c t s  s ign i f i can t ly  d i f f e ren t  
temperature dependences for  the v iscoe las t ic  mechanisms giving r ise t o  
the g l a s s  t o  rubber t r ans i t i on  and those responsible for  dispers ion i n  
the rubberlike plateau and beyond. The additional information makes i t  
c lea r  t ha t  the discrepancy was actually a time and not an amplitude s h i f t .  
I n  addition an Me value of 8600 remains temperature independent. Except 
3. 
f o r  the methacrylate series of polymers, where a reduction anomaly has 
been a t t r i bu ted  t o  a ra ther  large temperature dependence of Me, the  
temperature dependences of the  g l a s s  t o  rubber t r a n s i t i o n  and tha t  of 
the  entanglement plateau f o r  a l l  examined l i nea r  amorphous polymers 
have been assumed t o  be ident ical .  
prove t o  be the general case and tha t  predictions based upon extrapolat ion 
by means of reduced master curves i n  the  l i t e r a t u r e  w i l l  be s ign i f icant ly  
i n  e r ro r .  
W e  expect our finding on PVAc w i l l  
Comparison of the behavior of two PVAc samples which were 
addi t ion polymerized a t  d i f fe ren t  temperatures, -20" and +60"C, has 
revealed t h e i r  pos i t ion  on the time sca le  t o  be d i f f e ren t  by 0.6 of a 
logarithmic uni t  a t  40OC. 
temperatures of about 2°C. 
difference i n  s te reoregular i ty  i n  the  samples a r i s ing  from t h e i r  d i f fe ren t  
temperatures of polymerization and not from the presence of res idual  
solvent or  differences i n  molecular weight. This hypothesis w i l l  be 
checked shor t ly  with measurements on avai lable  samples which w e r e  
polymerized a t  -70" and +3OoC. Samples of branched PVAc have a l so  been 
obtained f o r  invest igat ion.  
This would r e f l e c t  a difference i n  g l a s s  
A t  present we believe t h i s  r e f l e c t s  a 
3) A t  temperatures near and below i t s  g lass  t r a n s i t i o n  the 
mechanical response of a material ,  r e f l ec t ing  the enormously enhanced 
molecular f r i c t i o n  coef f ic ien t ,  is grea t ly  hindered; i .e . ,  i t s  re ta rda-  
t i o n  spectrum i s  sh i f t ed  on the t i m e  sca le  toward long times. Very 
few invest igat ions of the v iscoe las t ic  behavior of organic glasses  
4 .  
e i t h e r  polymeric o r  non-polymeric have been made and the  various kinds of 
behavior present have yet  t o  be enumerated. To provide a model fo r  fu ture  
s tud ies  on polymers and t o  provide per t inent  data  t o  probe some features  
of free volume theory, an intensive physical property study of 1 , 3 , 5 - t r i 4 -  
naphthyl benzene was  made i n  collaboration with D r .  Joseph Magill. 
Andrade creep was observed as one of the  v iscoe las t ic  mechanisms; 
however, t he  recoverable creep compliance w a s  found t o  deviate from the 
Andrade form and at ta ined a l imiting steady s t a t e  value, Je = 2.58 x 10 
cm /dyne a t  64.2OC. This behavior answers one of t he  questions or igin-  
- 10 
2 
a l l y  posed i n  t h i s  program of investigation, whether or  not a display 
of Andrade creep by a material  precluded the  existence of a t rue  steady 
state compliance. A similar r e s u l t  f o r  polymeric systems should be 
forthcoming. The r e s u l t s  of t h i s  work were presented a t  the  35th Annual 
Meeting of t h e  Society of Rheology. An abs t rac t  of the presentat ion 
appears below. 
publication. 
Papers on t h i s  work are presently being prepared fo r  
ABSTRACT 
Rheological Properties of 1,3,5-Tri-a-Naphthyl Benzene 
D. J. Plazek and J. H. Magill 
The viscous and v iscoe las t ic  to rs iona l  creep propert ies  of 
1,3,5-tri-a-naphthyl benzene ( T m )  have been studied a t  temperatures 
between 14" and 20OoC.  mNB i s  a nonpolar small molecule tha t  can be 
supercooled, with r e l a t i v e  ease, through the freezing point,  198"C, t o  
. 
5. 
form a glass  a t  T The measurements were made with a recent ly  
developed creep apparatus which employs a magnetically l ev i t a t ed  ro tor  
and a drag cup motor for  the production of accurate torques. Recoverable 
deformation w a s  detected between one and ten  seconds a t  79°C. Measure- 
ments a t  equilibrium dens i t i e s  were made down t o  a temperature ten degrees 
below the  conventionally measured glass  temperature. Between 14" and 49°C 
creep and recovery compliances were measured with the sample's densi ty  
f a l l i n g  along a s ingle  glassy volume-temperature curve. 
= 69OC. 
g 
Temperature reduction to a s ingle  master curve of a l l  of the  
above da ta  was achieved. The logarithm of the recoverable compliance a t  
the reference temperature of 64.2"C varied from -10.09 t o  a steady s t a t e  
value of -9.59. The calculated retardat ion function, L2, indicates  tha t  
two v iscoe las t ic  mechanisms i n  addition t o  simple viscous flow a re  present. 
Within experimental e r ro r  a l l  three observed processes exhibi t  the  same 
time-temperature, a s h i f t  factors.  J u s t  preceding the region of steady 
s t a t e  behavior the  dominating viscoelast ic  response has the  form of 
Andrade creep, i.e. deformation l inear  with regard to  the cube root of 
t i m e  . 
T' 
-1 
Time independent v i scos i t i e s  from 4.0 x 10 poises a t  4 7 3 . 0 " ~  
t o  3.0 x 1013 poises a t  332.5'K were measured t o  extend the higher 
temperature cap i l l a ry  r e su l t s  of Mag i l l  and Ubbelohde. Between 333" and 
400°K the viscosity-temperature dependence i s  described by 
log 7 = - 17.46 + 4.10 x 10 3 (T-200)-I , 
6. 
where T i s  the 
concepts leads 
also concluded 
temperature, OK. The appl icat ion of f r e e  volume theory 
t o  a f r ac t iona l  f ree  volume at  T f of 0.067. It i s  
tha t  the expansion coef f ic ien t  of the occupied volume cx 
g' g' 
0 
is  much smaller than that  of the g lass  CY : a. << Q: . 
g g 
Creep compliance curves were determined during isothermal volume 
contract ion below T Dilatometric measurements of the isothermal volume 
contract ion were a l so  measured s l igh t ly  below T The temperature de- 
pendence of the c r y s t a l  growth ra te  w a s  studied. 
of 60 microns per minute (calculated from the c r y s t a l  half  length) was 
found a t  176OC. 
g' 
g o  
A maximum growth r a t e  
Instrument a t  ion  
A new temperature bath has been constructed f o r  the  l ev i t a t ion  
It has been f i t t e d  with a p a i r  of double windows which creep apparatus. 
allows fo r  precis ion opt ica l  measurements of the sample height which 
w e r e  not possible  while the or iginal  l a t h  was being used. 
The accuracy of the f loa t  to rs iona l  creep apparatus was a l so  
increased by grea t ly  reducing the dependence of t he  drag cup motor torque 
on ax ia l  displacements of the  rotor.  
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